We studied over 17,000 peripheral blood counts, accumulated during hematologic surveillance from 1940 through 1975, from a cohort of 459 benzene-exposed workers. Linear regressions demonstrated significant decreases in white and red cell counts, as well as hemoglobin, for workers exposed during the 1940s, without persistent trends over the ensuing 25 years. Strongly positive correlations were observed between these blood count fluctuations and fluctuations in retrospective estimates of benzene exposures for these workers in the earlier period of surveillance (mean estimated exposure 1940 to 1948, 75 ppm); but not for later years, (mean estimated exposure 1948 to 1975, 15 to 20 ppm). These data suggest substantial limitations of hematologic examination of populations to detect abnormalities in populations currently exposed to benzene. The analysis also demonstrates a novel approach to the biological validation of exposure estimates based upon limited industrial hygiene and historical record data. The application of biologic monitoring data may be useful for assisting decisions in reconstruction of a previous exposure.
Introduction
Determination and quantification of the adverse health effects of environmental and occupational exposure to xenobiotics has become a major concern of government, industry, and the public. Because of cost and time constraints, as well as our inability to forecast future health problems, many epidemiological studies of such exposureeffect relationships are retrospective rather than prospective. To perform such retrospective studies, it is necessary to analyze records on populations exposed to chemicals 30 to 50 years ago.
In contrast to the relatively advanced and standardized epidemiologic techniques available for evaluation of disease occurrence, methods for retrospectively assessing exposures are not well standardized, and are often custom designed for a particular project. One commonly used method involved defining a cohort of people as "exposed" by virtue of their employment by a single company or within a single industry. An improvement on this exposure assignment is to include duration of employment sify employees according to their actual job within the factory, presuming that some jobs had more exposure to particular agents of interest than did others. The investigator tries to identify areas small enough to have had relatively uniform exposure, but large enough to contain sufflcient numbers of workers for the analysis (1) . Next, knowledge about levels of exposure to a particular agent for a specific job over a given period of time can be used to attempt definition of dose-response relationships, often a prelude to a risk assessment. Calculation of cohort mortality or assignment of a person to a job at a particular time based on a personnel record are accomplished by relatively straightforward techniques. In contrast, retrospective assignment of actual exposure concentrations of an inhaled or dermally absorbed compound to specific areas or jobs at specific times is more difficult and lacks standardized methods. Records available for assigning exposures are inconsistent and vary more from company to company than do usual personnel files.
As more detailed indicators of past exposures are sought in order to quantify dose-response relationships for human disease, investigators have utilized previously recorded industrial hygiene data. The utility of these data varies with respect to technical quality, spatio-temporal pattern of collection relative to where, when, and how long an individual worked at a particular job, changes made in the process of data collection, and changes in the associated protective machinery and personal equipment that would affect exposures over time. Frequently, only small numbers of actual measurements taken at a few time points are available, and these must be generalized or extrapolated to cover an entire workforce over an extended period of time. Because of the large amount of extrapolation and generalization required to characterize a workforce, disagreement has arisen between investigators on characterization of exposures. In this regard, an objective biological guide that would at least indicate the direction of trends or changes in exposure is desirable, since it may provide some biological input into determinations of which jobs actually entailed greater or lesser exposures, or what exposure ranges were associated with particular jobs or areas.
We recently had the opportunity to compare two different sets of retrospective exposure estimates for a cohort of benzene-exposed rubber workers (2, 3) . These estimates were based on identical, sparse industrial hygiene data and relatively complete individual job history information. These two evaluations used significantly different assumptions for assigning exposures when time-and job-specific exposure data were lacking, as was often the case. The cohort is known to have a statistically significant excess of leukemia [standard mortality ratio (SMR = 330)] and possibly other hemolymphopoietic malignancies (for m'ultiple myeloma, SMR = 400) (4). It is widely acknowledged to be the best cohort available on which to base a human risk assessment for benzene (5) , and thus the benzene exposures associated with the increased mortality are of great importance.
It is well documented in the literature that benzene exposure is associated with pancytopenias as well as lesser reductions in peripheral blood counts, in an apparent dose-dependent manner (6) . Exposure estimates presented by Crump and Allen (3) were based on Rinsky et al. data except for one substantial difference. For the estimation of early exposures, in the absence of actual measurements, Crump and Allen took into account the facts that the recommended occupational benzene exposure standard was revised downwards in certain years (1941, 1947, 1948, 1957, 1963, and 1969) and that substantial improvement in the exhaust system at the presses of the plant occurred in 1946 (9) .
In general, these differences made the Our data set consisted of handwritten medical department records of about 18,000 blood counts performed on 459 employees from the St. Mary's plant. The date of sampling (from 1940-1975 ) and handwritten results were legible for 17,279 of the counts. As the blood counts were dated and specific for an individual, each count could be linked to a specific job (exposure class and year) and through that to either of the two exposure estimates. Although information describing the hematologic sampling protocol is incomplete, a medical consultant to the operation published his recommended surveillance program (10) , which was reviewed in our earlier publication (7) . The hematology data included complete differential counts; however, in the present studies, only red count, white count, and hemoglobin were completely analyzed. Mean corpuscular volume (MCV) and platelet counts were not performed. All statistical analyses were performed using SAS software (11) .
Preliminary Analyses
Initially we performed regression analysis against the linked exposures for each of the two exposure schemes using all 17,279 blood counts over all 35 years. We found very low correlation coefficients for these exposures (e.g., for WBC r = -0.036 for exposure B and r = -0.038 for exposure A). Lagging the exposure data so that blood counts were linked to the individual's exposure 45 days previous to the sample did not noticeably improve these poor correlations. However, examniation of the data revealed that many individuals in the cohort had worked for a short period of time and consequently had given relatively few blood samples.
In an effort to enhance the reliability of the study, all further analyses were conducted only on those individuals who had at least five legible blood samples recorded. This decreased the number of workers included in the analysis by 42%, from 459 to 264; however, the number of blood counts analyzed decreased by only 2.5% to 16, 841 . For the 264 workers who are included in our analyses, the average length of employment was 9.31 years (SD = 10.1 years) with a range of 0.19 to 36 years.
A further complication in our studies was the fact that we had widely varying numbers of samples from individuals and that there was covariance in the preliminary regression analysis due to multiple blood samples per person. This led us to go beyond analysis of individual 
Results
The histograms of the hematologic data show apparently lower values for all three of the major blood parameters, especially WBC (Fig. 1) , during the first decade of surveillance. However, as noted, earlier analysis of the entire 17,000 counts did not reveal any consistent or substantial correlation between date and blood count.
Average annual benzene exposures for all members of the cohort who were included in the surveillance for each year are shown in Figures 2A and 2B . The average approach B estimate was approximately 10 ppm higher than the average approach A estimate for all years (Table 1) ; however, the differences between the two are much more marked in the 1940s, averaging over 50 ppm annually.
. to 1948, the correlation between WBC and time was R = 0.94 (Fig. 3) , between RBC and time was R = 0.73, between Hb and time was R = 0.76 (Table 3) . Approach B estimates correlated with time, R = -0.78 (Fig. 4) ; however, approach A estimates were not significantly correlated with time ( Fig. 5 ).
For the period 1940 to 1948, approach B exposure estimates correlated with fluctuations in average annual counts at R = -0.76 (p = 0.016) for WBC (Fig. 6 ), R = -0.56 (p = 0.11) for RBC, and R = -0.30 (nonsignificant for Hb). There was no substantial or significant correlation between approach A estimates and any annual average counts over the years 1940 to 1948 (Table 3) .
Discussion
This cohort of rubber workers has been among the most intensively and carefully studied cohorts in the history of occupational health (2, 3, 4, 8, 9 From 1940 to 1948, approach B estimated an average benzene exposure for the sampled workers of 66 ppm, whereas approach A estimated an average exposure of 15.6 ppm, a ratio of over four to one. From 1949 onward the ratio between the two estimates, calculated on an annual basis, was less than two, and usually they were within a few parts per million of one another ( Figs. 2A  and 2B ). These data strongly suggest the superiority of the approach B estimates of exposure for predicting observed blood count fluctuations in members of this cohort during the 1940s. Neither estimation was particularly predictive of blood counts in subsequent years from the 1950s through the 1970s.
The analyses based on the mean of each parameter for each year of the study resulted in several correlated data points per subject, since most of the subjects were in the cohort for more than 1 year. The final regression based on the means of person annual averages for 1940 to 1948 are not subject to this source of error. These regressions form the most compelling portion of the analysis that supports the concept that benzene exposure for the cohort during the 1940s was significantly higher than in subsequent years.
Nevertheless, this analysis does not conclusively establish that the approach B exposure estimates are either absolutely accurate or even superior to approach A estimates. The actual estimates could be higher or lower by any constant factor (e.g., all approach B estimates lower by a factor of 3), and the observed correlations would remain unchanged. In an extreme and unlikely case, the approach B estimates could be much less absolutely accurate than the approach A estimates, and yet have shown higher correlation coefficients. This is possible because relatively insignificant (year to year) fluctuations in the approach A estimates could have produced low coefficients of correlation (e.g., if the fluctuations although small were in the opposite direction of the observed blood count fluctuations) even though the absolute numbers estimated were fairly accurate. The approach B estimates could hypothetically be an order of magnitude too high and yet have shown a higher correlation because their fluctuations were concordant with yearly fluctuations in the blood counts. Examination of our figures, the low correlations in later years when the two estimation schemes were relatively concordant, and historical data indicating significant reductions in benzene exposures during the 1940s (12) all make this highly unlikely. Although the absolute approach B numbers may perhaps err by as much as a factor of two or three, the approach A estimates seem excessively low during the 1940s, and the generally higher approach B estimates are likely to be more accurate during these years.
A small number of cohort studies (13) (14) (15) (16) (17) (18) have reported on the hematologic effects of benzene as monitored by routine counts of peripheral blood cells in groups of workers. Significant abnormalities of all three cell types were reported in individuals with high exposure from the preWorld War II era in the U.S. and in Turkey from the 1960s and 1970s (16) (17) (18) . Subsequent studies (13) (14) (15) have noted only small deviations of MCV, RBC, or HB of ag-gregate samples of workers monitored over time. Individual workers' blood counts were not followed longitudinally over time in these studies, nor were benzene exposure assessments systematically assigned to individuals over time so that fluctuations in blood counts could be related to fluctuations in exposure.
A number of limitations of the present data set and the analysis applied need to be acknowledged. This is a partial data set, and it is not known exactly how individuals were selected for surveillance nor why only data from workers at one of the two locations are available. The illegibility of some blood count data also presents potential problems. In the correlation tables, hemoglobin and RBC are only correlated at r = 0.41 (r = 0.44 for the rank correlation), and biologically this is expected to be higher since they essentially measure the same parameter, although they were also poorly correlated in other data from the same era (16) . This implies some degree of inaccuracy and unreliability in the measurement of the blood sample data, and may be due to greater variability in manual counting techniques for RBC than for WBC or for the standard method of hemoglobin determination.
Average WBC counts for the cohort over all 35 years were over 9,300 per cubic millimeter. Currently the normal range for WBC is 5,000 to 10,000, with a mean around 7,500, although even in unexposed populations confidence intervals are wide. To the best of our knowledge this was also true in the 1940s, the 1950s, and the 1960s, and we do not have an explanation for this aberration in the data set. It does not appear to be due to the rare high counts seen in this group for people who clearly were developing leukemia. Most likely it represents bias in the manual counting procedures (perhaps performed by only one or two individuals over the entire surveillance period). If such a bias were consistent across time, it would affect the absolute counts, but not the relative increases and decreases which we report. Bias of this sort would more likely obscure a true biologically plausible effect such as we have demonstrated, rather than artificially produce it.
The earlier and higher exposures tended to be represented by fewer blood samples than did the later exposures. This was apparently due to changes in surveillance protocols, as well as shorter durations at any individual exposure level in earlier years. At times, abnormally low and occasionally abnormally high counts seemed to generate repeated samples on almost a daily basis for short periods of time. It is likely that workers also were transferred from areas of higher estimated exposure when counts were demonstrably abnormal (10) . Both of these practices may produce bias in the sample, but are not likely to have produced the powerful chronological effect which we have demonstrated.
Plausible explanations for the demonstrated overall time trends are suggested in the published reconstructions of Pliofilm exposures which mention the installation of substantial improvements in local ventilation equipment for plant 1 in 1946, likely to have resulted in lower subsequent exposures (9) . The historical records of the Department of Labor and the War Production Board during World War II document clinically signifiecant blood dyscrasias and severe CNS symptoms among benzeneexposed workers at least prior to 1942, not expected to occur at exposures less than 25 to 100 ppm TWA (12) . In addition, the records of this 1942 conference on health hazards in the rubber industry describe a shortage of toluene, a desirable nonhematotoxic benzene substitute, due to demand for it in the manufacture of munitions (trinitrotoluene). Although this was unlikely to directly affect pliofilm exposures because benzene was considered the superior solvent for this process, other nonpliofilm exposures in building tires, bullet-proof gas tank linings, and balloon fabrics, would probably have reflected substitution of benzene for toluene during the war years. The end of World War II in 1945 may have led to reintroduction of toluene in some of these processes, and thus lower benzene exposures for the cohort as a whole, even if not during their actual pliofilm work.
Thus the historical record and the hematologic record are both consistent with relatively elevated benzene exposures in this industry prior to the late 1940s. Of course, individuals or groups working in particular positions may have had average or momentary exposures far above or below those of the group as a whole. This study suggests that surveillance of blood counts to monitor populations of workers exposed to benzene may not readily detect cohort effects of exposuies in the range of the current standard of 1 ppm, as during the 1950s and beyond these workers had exposures likely exceeding these values without apparent aggregate depressions in their blood counts. We are unable to say that individuals will not experience significant blood dyscrasias at these lower benzene exposures, but that based on these data, surveillance of overall population averages cannot be relied upon to detect reasonable deviations from currently permitted exposures.
